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Method and Apparatus for Early Culling of Occluded Objects 

FIELD OF THE INVENTION 

The present invention relates generally to systems for computer graphics. 

More specifically, the present invention includes a method and apparatus for 

5 increasing graphics throughput by early elimination of occluded objects. 

BACKGROUND OF THE INVENTION 

Computer systems (and related devices) typically create three- 
dimensional images using a sequence of stages known as a graphics pipeline. 
During early pipeline stages, images are modeled using a mosaic-like approach 
10 where each object is composed of a collection of individual points, lines and 
polygons. These points, lines and polygons are know as primitives and a single 
image may require thousands, or even millions, of primitives. Each primitive is 
defined in terms of its shape and location as well as other attributes, such as 
color and texture. 

15 The graphics pipeline maps, or renders, each primitive into a memory 

storage device know as a frame buffer. Each storage location within the frame 
buffer defines one pixel within the image being produced. The graphics pipeline 
performs the rendering process by determining which pixels (i.e., which frame 
buffer storage locations) are included within each primitive. Each pixel is then 

20 initializes to reflect the attributes of the primitive, or primitives in which it is 
included. In many cases, the graphics pipeline will further modify the pixel values 
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in the frame buffer to apply texture, lighting and other effects to the graphics 
primitives. 

The task of rendering primitives to pixels can be very time consuming. 
This is especially true for complex images that include many primitives or require 
5 complex lighting, shading or other effects. The time consumed transforming 
primitives becomes problematic for applications, such as flight simulators and 
virtual reality environments, where rapid image generation is required. 

Occlusion culling methods attempt to improve the speed of the rendering 
process. For methods of this type, the rendering process is modified to take 

10 advantage of the fact that images often contain overlapping objects. This overlap 
means that some of the objects within an image may be fully or partially hidden 
or occluded. Occlusion culling methods detect occluded objects and eliminate 
them from all or part of the rendering process. In theory, this decreases the 
complexity of the rendering task and improves graphics throughput. 

1 5 For maximum effectiveness, it is generally desirable to perform occlusion 

culling during the early stages of a graphics pipeline. Early occlusion culling 
maximizes the number of pipeline stages that benefit from the culling process. 
For this reason, many traditional occlusion culling methods, which only operate 
during the final pipeline stages, are far less than optimal. Unfortunately, 

20 traditional methods for early detection of occluded objects are often quite slow. 
As a result, the time gained by occlusion culling is often overshadowed by the 
time spent performing the culling process. 
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For these reasons, there is a need for improved occlusion culling 
methods. Preferably, methods of this type should be applicable to the early 
stages within a graphics pipeline. Methods of this type must operate quickly and 
ensure that time gained during the rendering process is not lost during the 
5 occlusion culling process. 

SUMMARY OF THE INVENTION 

The present invention provides a method and apparatus for early 

occlusion culling. For the present invention, the screen is divided into a series of 
tiles arranged as a rectangular grid. The rectangular grid is known as a coarse Z- 

10 buffer and may have various sizes and dimensions. For the purposes of this 
description, a size of two-hundred and fifty-six tiles arranged in a sixteen by 
sixteen grid may be assumed. Each tile within the coarse Z-buffer has an 
associated depth value. Each tile's depth value is defined as the farther Z-buffer 
value that is included within that tile. 

15 The graphics pipeline is configured to update the depth values using 

information fed back from the Z-buffer. To maximize the effectiveness of the 
occlusion culling method, the graphics pipeline may be configured to perform 
these updates on a synchronous basis. This means that the depth values are 
updated each time the corresponding Z-values in the Z-buffer are changed. The 

20 graphics pipeline may also be configured to perform these updates on a less 
frequent, asynchronous basis. Asynchronous updating provides a balanced 
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approach that retains most of the benefit of the occlusion culling method while 
reducing the amount of data that must be fed back from the Z-buffer. 

The depth values are stored in a location that, such as main memory, 
where they are available to application programs. This allows application 
5 programs to reference these values while they are creating graphics images. The 
program rendering an image constructs a surrogate volume for each object that it 
adds to the image. The program then compares the nearest Z-value of the 
surrogate volume to the depth value of the tile that includes the surrogate 
volume. Based on this comparison, the application program determines if the 

10 object is occluded and can be discarded. 

In some cases, a surrogate volume may span several tiles. In these cases 
the application program may determine if the object is occluded by performing 
comparisons with depth values for each of the spanning tiles. Alternately, it is 
possible to provide a series of coarse Z-buffers, each containing depth values for 

15 a different resolution. In such an arrangement, even large surrogate volumes 
may be analyzed using a single comparison. 

It is important to note that the testing of surrogate volumes and the 
discarding of occluded objects is performed by the application program, 
executing on the host processor. The application program performs this test for 

20 each object before the object is sent to the graphics processor. As a result, 
objects that are found to be occluded never reach the graphics processor. The 
graphics processor is freed from any processing associated with these objects. 
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Advantages of the invention will be set forth, in part, in the description 
that follows and, in part, will be understood by those skilled in the art from the 
description herein. The advantages of the invention will be realized and attained 
by means of the elements and combinations particularly pointed out in the 
appended claims and equivalents. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, that are incorporated in and constitute a 

part of this specification, illustrate several embodiments of the invention and, 

together with the description, serve to explain the principles of the invention. 

5 Figure 1 is a block diagram of a computer system shown as a 

representative environment for the present invention. 

Figure 2 is a block diagram of a graphics pipeline configured in 
accordance with an embodiment of the present invention. 

Figure 3 is a block diagram of an embodiment of the coarse Z-buffer of 
1 0 the present invention. 

Figure 4 is a flowchart showing the steps associated with an embodiment 
of the occlusion culling method of the present invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Reference will now be made in detail to preferred embodiments of the 

invention, examples of which are illustrated in the accompanying drawings. 
Wherever convenient, the same reference numbers will be used throughout the 
5 drawings to refer to the same or like parts. 

ENVIRONMENT 

In Figure 1, a computer system 100 is shown as a representative 

environment for the present invention. Structurally, computer system 100 
includes a host processor, or host processors 102, and a memory 104. An input 

10 device 106 and an output device 108 are connected to host processor 102 and 
memory 104. Input device 106 and output device 108 represent a wide range of 
varying I/O devices such as disk drives, keyboards, modems, network adapters, 
printers and displays. Each node 102 may also includes a disk drive 110 of any 
suitable disk drive type (equivalently, disk drive 110 may be any non-volatile 

15 mass storage system such as "flash 1 ' memory). Computer system 100 also 
preferably includes a graphics processor 112 of any suitable type. Graphics 
processor 112 implements all of the tasks required to translate graphics 
primitives and attributes to displayable output. In Figure 1, host processor 102 
and graphics processor 112 are interconnected using a bus. It should be 

20 appreciated that the present invention is equally suitable to environments where 
host processor 102 and graphics processor 112 share a commonly addressable 
memory. 
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Computer system 100 is the host for a graphics pipeline. An 
implementation for this pipeline is designated 200 in Figure 2. Pipeline 200 
includes generation stage 202, traversal stage 204, transformation stage 206, 
rasterization stage 208 and display stage 210. Generation stage 202 
5 corresponds to the creation, acquisition, or modification of information to be 
displayed and organizing this information into application data structures. 
Traversal stage 204 corresponds to the of traversal of the application data 
structures generated in the preceding stage, passing on the appropriate graphics 
data. Transformation stage 206 corresponds to the transformation of the 

10 graphics data from object-space coordinates into eye-space coordinates, 
performing requested lighting operations, then clipping the transformed data in 
clip-space, and projecting the resulting coordinates into window-space. 
Rasterization stage 208 renders window-space primitives (like points, lines, 
polygons) into a frame buffer. Per-vertex shading calculations, texture lookups 

15 and calculations, and per-pixel operations like depth testing are performed in this 
stage. Display stage 210 scans the resulting pixels in the frame buffer, typically 
for display to a video monitor or other device. 

In general, it should be appreciated that the particular sequence of stages 
shown in Figure 2 is intended to be representative. Other combinations and 

20 orders are equally possible. For many embodiments, generation stage 202 and 
traversal stage 204 will be implemented by a graphics application program 
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executing on host processor 102. The remaining stages would then be 
implemented directly by graphics processor 112. 

As shown in Figure 2, graphics pipeline 200 includes a Z-buffer feedback 
loop 212. As will be described in more detail, Z-buffer feedback loop 212 allows 
5 rasterization stage 208 to return information to traversal stage 204. 

EARLY OCCLUSION CULLING TECHNIQUE 

The present invention provides a method and apparatus for early 

occlusion culling. The method and apparatus of the present invention are better 
understood by reference to representative image 300 of Figure 2. Image 300 

10 depicts a runway partially obscured by clouds. Image 300 is shown with an eye- 
point 202. Eye-point 202 represents the position at which image 300 is viewed. 
Eye-point 202 is intended to be movable in relation to image 300. This means 
that components of image 300, including the runway and clouds may be viewed 
from a range of positions. 

15 For the purposes of the present invention, image 300 is logically divided 

into a coarse Z-buffer 304. Coarse Z-buffer 304 includes a series of tiles of which 
tiles 306a and 306b are representative. Tiles 306 are arranged in a rectangular 
grid or matrix and may have various sizes and dimensions. For the purposes of 
this description a size of two-hundred and fifty-six tiles 306 arranged in a sixteen 

20 by sixteen matrix may be assumed. Each tile 306 within coarse Z-buffer 304 has 
an associated depth value. The depth value of each tile 306 is defined as the 
farthest Z-buffer value that is included within that tile 306. 
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The depth values are stored in a location where they are available to host 
processor 102 and application programs. Typically, this means that the depth 
values are most conveniently stored in memory 104. 

Graphics pipeline 200 is configured to update the depth values in memory 
5 104. For the particular configuration shown, this means that rasterization stage 
208 uses feedback loop 212 to continuously update the depth values within 
memory 104. It should be noted that different configurations may perform this 
update as either a "push" or "pull" operation. Thus, for some configurations, 
y rasterization stage 208 will transfer (push) depth values to memory 104. In other 

g 10 configurations another entity (such as traversal stage 204 or the graphics 
W application program executing on host processor 102) will retrieve (pull) depth 

values from rasterization stage 208. The depth values may also be updated 
m either synchronously or asynchronously. For synchronous updating, depth 

3 values are transferred to memory 104 as they change within rasterization stage 

S 15 208. Typically, this means that depth values are updated each time 
corresponding Z-values in a Z-buffer used by rasterization stage 208 are 
changed. Graphics pipeline 200 may also be configured to perform these 
updates on a less frequent, asynchronous basis. In many cases this means that 
graphics pipeline 200 will perform these updates on a periodic basis. In other 
20 cases, graphics pipeline 200 can be configured to perform updates whenever a 
predefined number of changes have taken place in the Z-buffer used by 
rasterization stage 208. Asynchronous updating provides a balanced approach 
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that retains most of the benefit of the occlusion culling method while reducing the 
amount of data that must be fed back from the Z-buffer. 

Use of coarse Z-buffer 304 and its associated depth values is better 
appreciated by reference to occlusion culling method 400 of Figure 4. Method 
5 400 begins, symbolically, with start placeholder 402. In the first real step of 
method 400, host processor 102 depth sorts all of the objects that are included in 
an image being rendered. To perform this step, host processor 102 orders the 
objects, using a list or other data structure, so that the objects are arranged 
according to their distance from eye point 302. The ordering arranges the objects 

10 to be rendered so that closer objects (potential occluders) are processed before 
farther objects. In general, it should be appreciated that any number of sorting 
methods may be employed. In some cases, it will be more effective to employ 
quicker, less rigorous sorting methods. Methods of this type may be used to 
quickly order the objects so that obvious occluders are processed first. 

15 Steps 406a, 406b and 406c form a loop. In this loop, host processor 102 

processes all of the objects on the depth sorted list in order. Loop 406 is shown 
as an iterative loop, with the understanding that other control structures may also 
be used. 

In step 408, host processor 102 generates a surrogate volume for the 
20 object being processed. The surrogate volume is a three-dimensional object, 
such as a sphere, that is just large enough to contain the object being 
processed. 
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In step 410, host processor 102 transforms the surrogate volume from 
object space to eye space. In most environments, the transformation to eye 
space may be accomplished quickly for sphere-shaped objects. For this reason, 
it is generally desirable to use sphere-shaped surrogate volumes. 
5 In step 412, host processor 102 retrieves the depth value that 

corresponds to the surrogate volume generated in step 408. To perform this 
task, host processor 102 determines which tile 306 contains the surrogate 
volume. The retrieved depth value is the depth value associated with that tile 
306. In some cases, a single surrogate volume will span two or more tiles 306. 

10 Host processor 102 may use several methods to select or generate a depth 
volume for a spanning surrogate volume. For one such method, host processor 
102 selects the maximum value included in the set of depth values associated 
with the spanning surrogate volume. Host processor 102 then uses the selected 
depth value as the depth value for the spanning surrogate volume. 

15 In step 414, host processor 102 determines if the object being processed 

may be occluded. Host processor 102 performs this task by comparing the depth 
value retrieved in step 412 to the nearest Z-value of the surrogate volume. In the 
case where a sphere is used as the surrogate volume, the nearest Z-value is 
generally calculated by subtracting the radius of the sphere from the Z-value of 

20 the sphere's origin. Similar methods may be used to calculate the nearest Z- 
value when other surrogate volumes are used. 



131/167582.01.00 

01 2899/1 632/20545.00064 



12 



If the nearest Z-value of the object is less that the depth value, the object 
may be visible and method 400 continues at step 416. In step 416, host 
processor 102 performs the steps required to render the object being processed. 
Typically, this means that host processor takes whatever steps are require to 
5 pass the object being processed to graphics processor 112. In other cases, host 
processor 1 02 may perform the rendering process itself. 

If the nearest Z-value of the object is not less than depth value retrieved in 
step 412, the object is occluded and method 400 continues at step 406b. This 
causes method 400 to continue with another iteration of loop 406. In this way, 
10 method 400 continues until all of the objects in an image have either been 
eliminated, or rendered. 

Method 400 may be extended to process objects in a hierarchical fashion. 
For this type of processing, objects that are not rejected as occluded (see steps 
414 and 416) are subdivided into smaller objects. These smaller objects are then 
15 tested to determine if they are occluded. The hierarchical testing may be 
extended to an arbitrary number of levels. 

Coarse Z-buffer 304 may be extended to include a series of levels. For 
this type of arrangement, coarse Z-buffer 304 is replicated one or more times. 
Each separate coarse Z-buffer 304 spans image 300 using a different resolution. 
20 For a representative embodiment, consider the case where a total of eight 
coarse Z-buffers 304 are used. Preferably, each of these coarse Z-buffers 304 
would include the same number of tiles 306. Thus, to expand on the example of 

131/167582.01.00 13 
012899/1632/20545.00064 



Figure 3, eight coarse Z-buffer each including two-hundred and fifty-six tiles 306 
would be used. 

Each coarse Z-buffer 304 in a series spans the same image 300 at a 
different resolution. The highest resolution coarse Z-buffer 304 splits image 300 

5 between tiles 306 with no overlap. This is case shown for coarse Z-buffer 304 of 
Figure 3. For lower resolution coarse Z-buffers 304, each tile 306 covers a larger 
area of image 300. Since the total number of tile 306 remains constant, this 
means that tiles 306 within lower resolution Z-buffers 304 overlap each other. In 
fact, each succeeding lower resolution Z-buffer 304 includes successively larger 

1 0 tiles 306 that have successively larger overlapping areas. 

Tiles 306 within successive coarse Z-buffers 304 may also be phase 
offset from tiles 306 within preceding coarse Z-buffers 304. This means that the 
center points of successive tiles 306 are offset from the center points of 
preceding tiles 306. The offset may be in both, or either of horizontal or vertical 

15 directions. 

The hierarchical series of coarse Z-buffers 304 sums frame buffer Z 
information over progressively larger areas. This allows host processor 102 to 
select a resolution that corresponds to the size of any given object. In this way, a 
single comparison may be used to test surrogate volumes that would normally 
20 span two or more tiles 306. It should be noted that this representation is not a 
"MIP pyramid" which is very badly behaved when trying to find a convenient 



131/167582.01.00 

01 2899/1 632/20545.00064 



14 



coarse Z region against which to test a large volume against some areas of the 
screen. 

Other embodiments will be apparent to those skilled in the art from 
consideration of the specification and practice of the invention disclosed herein. 
It is intended that the specification and examples be considered as exemplary 
only, with a true scope of the invention being indicated by the following claims 
and equivalents. 
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WHAT IS CLAIMED IS: 

1. A method for culling occluded objects from an image being 
rendered into a frame buffer, the method comprising the steps, perfumed by a 

3 host processor of: 

constructing a coarse Z-buffer, the coarse Z-buffer subdivided into 
a series of tiles, each tile having an associated depth value; 
6 updating the depth values of the coarse Z-buffer using Z 

information from the frame buffer; and 

using the depth values to selectively discard objects from the 
9 image being rendered. 

2. A method as recited in claim 1 where in the step of updating the 
depth values is performed synchronously as information in the frame buffer 

3 changes. 

3. A method as recited in claim 1 where in the step of updating the 
depth values is performed asynchronously. 
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4. A method as recited in claim 1 wherein the step of using the depth 
values to selectively discard objects further comprises the steps of: 

constructing a surrogate volume for an object; and 
comparing the nearest Z-value of the surrogate volume to the 
depth value of a tile that includes the surrogate volume. 

5. A method as recited in claim 4 further comprising the step of 
transforming the surrogate volume from object space to eye space. 

6. A method as recited in claim 1 wherein the step of using the depth 
values to selectively discard objects further comprises the steps of: 

constructing a surrogate volume for an object; and 

retrieving the greatest depth value from the set of tiles that are 

spanned by the surrogate volume; and 

comparing the nearest Z-value of the surrogate volume to the 

retrieved depth value. 

7. A method as recited in claim 6 further comprising the step of 
transforming the surrogate volume from object space to eye space. 
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8. A method as recited in claim 1 further comprising the steps of: 
constructing a lower resolution coarse Z-buffer, the lower resolution 

3 coarse Z-buffer subdivided into a series of tiles, each tile having an 

associated depth value; and 

updating the depth values of the lower resolution coarse Z-buffer 
6 using Z information from the frame buffer. 

9. A method as recited in claim 8 wherein each tile in the lower 
resolution coarse Z-buffer covers the same screen area as each tile in the 

3 coarse Z-buffer. 

10. A method as recited in claim 9 wherein the tiles in the lower 
resolution coarse Z-buffer are overlapping. 
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ABSTRACT OF THE DISCLOSURE 

A method and apparatus for early occlusion culling are provided. For the 

method of the present invention, a host processor establishes a coarse Z-buffer. 

The coarse Z-buffer is divided into a series of tiles. Each tile has an associated 

depth value. The depth values are updated using information fed back from the 

Z-buffer. The host processor uses the depth values to selectively discard 

occluded objects before they are rendered. 
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